rs3790506 marker was overrepresented in cases with dmft scores higher than 5 (p = 0.05) and dmfs scores higher than 6 (p = 0.05) compared to controls. The best-fitting model showed that dmfs is increased when the following factors are present: (1) females and both the anterior and posterior teeth are affected simultaneously, (2) when the T allele of the tuftelin rs3790506 is involved, and (3) the C allele of the amelogenin rs17878486 is involved. Our study provides support that genes involved in enamel formation modify caries susceptibility in humans. Copyright © 2008 S. Karger AG, Basel A genetic susceptibility to caries has been proposed based on twin studies [reviewed by Shuler, 2001 ], family studies [Klein and Palmer, 1940; Klein, 1946] and animal models [Hunt et al., 1944; Rosen et al., 1961] . The earlier molecular genetic studies in humans focused on prolinerich peptides in saliva [Yu et al., 1986; Ayad et al., 2000; Young et al., 2002; Zakhary et al., 2007] and enamel formation genes [Slayton et al., 2005; Deeley et al., 2008] . More recently, a genome-wide scan searching for caries susceptibility and protective loci was performed, and suggestive loci influencing caries were proposed .
Amelogenesis is under genetic control, and the size, shape, shade and even caries susceptibility can be affected by genetic variation [Simmer and Hu, 2001] . Regarding enamel formation genes, tuftelin genotypes appeared to interact with levels of Streptococcus mutans infection in children with early childhood caries. In this study, the authors investigated children from 3 to 5 years of age, and cases were defined as having 4 or more decayed or filled tooth surfaces, while controls were defined as children with no evidence of caries (including white-spot lesions) [Slayton et al., 2005] . In adults, genetic variation in amelogenin was associated with higher caries experience [Deeley et al., 2008] .
It is well documented that the first studies of complex traits suggest a stronger genetic effect than is found by subsequent studies. Both bias and genuine population diversity might explain why early studies tend to overestimate the disease predisposition conferred by candidate gene polymorphisms [Ioannidis et al., 2001] . Our hypothesis is that variation in genes involved in enamel formation contributes to increased caries susceptibility in humans. Therefore, we investigated genetic markers in genes involved in enamel formation that were previously studied [Slayton et al., 2005; Deeley et al., 2008 ] to provide independent replication of the original results, which suggested that variation in tuftelin in the presence of S. mutans and variation in amelogenin contributed to higher caries experience in humans.
Subjects and Methods

Subject Screening and Sample Collection
Subjects were recruited for this study as approved by both the Istanbul University and University of Pittsburgh Institutional Review Boards, and informed consent was obtained. Eligible children were from 3 to 6 years of age and were enrolled in the Pedodontics Clinics of Istanbul University and daycare facilities in the city of Istanbul. One of the authors (A.P.) carried out the clinical examination after being calibrated by an experienced specialist (F.S.). The intraexaminer agreement was assessed by a second clinical examination in 10% of the sample after 2 weeks, with a of 1.0. Cases were defined as children with 4 or more decayed or filled tooth surfaces, while controls were defined as children with no evidence of caries (including no evidence of white-spot lesions) and no history of caries. Examinations were done with the use of a flashlight and mouth mirror. Caries experience was scored by the dmft and dmfs indexes according to World Health Organization guidelines. Subjects with dmfs 1 0 but ! 4 were considered intermediate in phenotype and were not included in the current study. Most parents reported not brushing the teeth of their children. Drinking water in the region is not artificially fluoridated. Unstimulated saliva samples were obtained from all participants (subjects were asked to spit) and stored in Oragene DNA Self-Collection kits (DNA Genotek Inc.) at room temperature until being processed. No centrifugation was performed in the saliva samples. No plaque samples were collected. DNA was extracted according to the manufacturer's instructions.
S. mutans Infection Detection
A real-time polymerase chain reaction assay was used to determine the presence of S. mutans in the saliva of the subjects [Yano et al., 2002] . The assay implements primers targeting gtf genes of S. mutans . We used the assay to test if detectable levels of S. mutans were present in the human genomic DNA samples we extracted from the saliva.
Genotyping and Statistical Analysis
Genotyping was carried out using Taqman chemistry [Ranade et al., 2001] and performed on an Applied Biosystems 7900 HT Sequence Detection System machine. Single-nucleotide polymorphism markers were selected within candidate genes involved in enamel formation ( table 1 ) .
2 and Student t tests were performed to compare gender and age frequencies, and to test for deviations in the genotype distributions from Hardy-Weinberg equilibrium. In addition, allele frequency comparisons between cases and controls were performed taking into consideration severity of caries (higher vs. lower dmft and dmfs scores), presence of S. mutans and types of affected teeth (posterior vs. anterior). Because there was a statistically significant difference between the mean ages of the two comparison groups ( table 2 ), we used regression analysis to account for the age difference and to investigate main effect models, 
Results
All genotypes were in Hardy-Weinberg equilibrium. Tables 3 and 4 summarize the results of the allele frequency comparisons and regression analysis. Overrepresentation of the C allele of the amelogenin marker was seen in cases with dmft scores higher than 8 (p = 0.01) when compared to controls, and when compared to cases with dmft scores between 5 and 8 (p = 0.03). In cases with both anterior and posterior teeth affected (p = 0.008), overrepresentation of the C allele of the amelogenin marker was seen when compared with cases with only posterior teeth affected. Also, overrepresentation of the T allele of the ameloblastin marker was seen in cases with dmft scores between 5 and 8 (p = 0.04) when compared to controls, and in cases with dmfs scores higher than 10 (p = 0.05) when compared to controls. When genotypes were considered, an overrepresentation of the CC genotype of the amelogenin marker was seen in cases with both anterior and posterior teeth affected (p = 0.05) when compared with cases with only posterior teeth affected. In addition, the CT genotype of the tuftelin rs3790506 marker was overrepresented in cases with dmft scores higher than 5 (p = 0.05) and dmfs scores higher than 6 (p = 0.05) compared to controls, in cases with dmfs scores between 6 and 10 (p = 0.03) compared to controls, and in cases with dmft scores between 5 and 8 (p = 0.05) and dmfs scores between 6 and 10 (p = 0.03) compared to controls.
We used regression analysis to assess, among the 91 cases, gene-environment interactions and the effects of confounders such as age or gender.
Step-wise approaches were used and S. mutans data were used as an interactive term ( table 4 lists the models tested). This analysis demonstrated that age was not correlated with dmft or dmfs scores, but gender was (dmft: p = 0.006, R 2 = 0.08; dmfs: p = 0.10, R 2 = 0.03) with females having more caries lesions than males. The region of the mouth contributed most to dmft/dmfs scores with both anterior and posterior teeth affected contributing to dmft (p ! 0.001, R 2 = 0.30) and dmfs (p = 0.002, R 2 = 0.10). When modeling S. mutans , only the enamelin rs3796704 marker (T allele, common allele) contributed to S. mutans (p = 0.03): -1.77 + 1.55 ؒ rs3796704.
The best-fitting model incorporating interactions (dmfs/dmft = ␣ + ␤ 1 ؒ X 1 + ␤ 2 ؒ X 2 + … + ␤ n ؒ X n + ␤ 1 ؒ X i ؒ X j + … + ) were: 1 dmfs = 9.90 + 1.88 ؒ mouth region -0.19 ؒ gender + 5.11 ؒ mouth region ؒ gender 2 dmfs = 10.88 + 1.75 ؒ mouth region -0.18 ؒ gender -0.59 ؒ rs17878486 + 4.99 ؒ mouth region ؒ gender 3 dmfs = 8.83 + 1.63 ؒ mouth region -0.35 ؒ gender + 0.84 ؒ rs3790506 + 5.35 ؒ mouth region ؒ gender rs17878486 and rs3790506 being equal to 0 for CC, 1 for CT and 2 for TT, with T as the common allele. The signs of the parameter estimates ( ␤ ) indicate that the dmfs is increased when females and both the anterior and posterior teeth are involved simultaneously, when the T allele of ds3790506 (tuftelin) is involved and when the C allele of rs17878486 (amelogenin) is involved. However, the involvement of either single-nucleotide polymorphism does not significantly increase the fit of the model over the involvement of either the affected teeth or the gender of the individual.
Discussion
Our report further supports the notion that genetic variation in enamel formation genes contributes to caries susceptibility. Previous work [Slayton et al., 2005] showed that an association between genetic variation of tuftelin and caries could only be detected when the interaction with S. mutans levels was included in the model. We did find evidence for an association between the tuftelin rs3790506 marker and caries experience, but these results were not improved by including S. mutans in the model. However, our S. mutans assessment was based on the presence or absence of the bacterial DNA in our assay and not semiquantitative such as the assessment done by Slayton et al. [2005] . A possible interaction between genetic variation and S. mutans could be seen for the enamelin marker (p = 0.03).
Our study has some obvious limitations. We did not have bitewing radiographs, and incipient interproximal lesions may have not been detected in both the case and control groups. Cases and controls were not perfectly matched. There were slightly more females than males among the cases (although this difference was not statistically significant), and controls were on average 1 year older than the cases. Caries experience (dmft and dmfs scores) tends to increase with age; however, we do not think the difference in the ages between cases and controls greatly impacted our results since controls were older than cases. Finally, population substructure may have gone undetected. In Istanbul, 75% of the population is Turkish, and the remainder is represented by Kurds, Armenians, Jews and Greeks.
Our previous work with children older than 12 years and adults from Guatemala suggested that variation in amelogenin contributed to high caries susceptibility [Deeley et al., 2008] . It is remarkable to see that we could replicate this result in a sample population with several [Lukacs and Largaespada, 2006] . Multivariable logistic regression analysis of data from more than 2,500 preschool children from Belgium [Declerck et al., 2008] showed that gender is significantly associated with caries experience, independently from age, home situation (having both parents at home vs. separated parents), educational level of parents, presence of dental plaque, age at start brushing, help with brushing, frequency of brushing, use of nursing bottle, application of sweet on pacifier, cleaning of pacifier in the parent's mouth, snacking between meals and/or at night, and drinking sugared liquids between meals and/or at night. In addition, a genome-wide search of caries genetic susceptibility or protective loci in 46 Filipino families (in which females were more severely affected than males) also suggested a locus on chromosome Xq27.1 as harboring a protective caries gene (although this region is far from amelogenin ) . The explanation for the gender bias seen in caries may lie in a genetic factor (or multiple genetic factors) on chromosome X. Amelogenin is a likely candidate gene for caries susceptibility in humans and has differential expression in males versus females. Mutations and deletions in amelogenin cause one of the forms of X-linked amelogenesis imperfecta [reviewed by Hu et al., 2007] . However, amelogenesis imperfecta can be expressed differently depending on the gender of the affected individual. The enamel of affected males can be extremely thin and smooth, whereas in the teeth of affected females, enamel can be of almost normal thickness with defective vertical ridging [reviewed by Alvesalo, 1997] . Both the X and Y chromosomes have a version of the amelogenin gene [Nakahori et al., 1991] . However, the amino acid sequences of both X and Y amelogenin genes seem to differ to some extent, and the transcription products of the X and Y chromosomes are both quantitatively and qualitatively different [reviewed by Alvesalo, 1997] . The Y chromosome locus encodes a functional protein even though its level of expression is only 10% of that of the locus on the X chromosome [Salido et al., 1992] . One can speculate that variation of amelogenin X alters enamel structure and increases susceptibility to caries and that the additional 10% amelogenin expression in males partly explains why females tend to show higher scores of caries experience.
Our study also suggested for the first time that ameloblastin may contribute to caries susceptibility. Ameloblastin is expressed during the differentiation of inner enamel epithelium into ameloblasts, with intense localization in the Tomes processes of secretory ameloblasts. In contrast to amelogenin , only modest amounts of ameloblastin can be detected in enamel matrix [Krebsbach et al., 1996] .
The cumulative evidence from our study and from the studies of others [Slayton et al., 2005; Deeley et al., 2008] strongly suggests a role of the genes involved in the enamel formation in caries susceptibility in humans. We hypothesize that genetic variation in these genes contributes to structural alterations of the enamel that may cause higher levels of mineral losses under acidic conditions and/or facilitate bacterial attachment and biofilm deposition. However, there is some variation among the studies regarding the genetic associations demonstrated ( table 5 ). These differences can be the result of numerous factors such as heterozygosity of the genetic markers in the studied populations and variations in the study designs (data on primary vs. permanent dentitions, caries experience scores by tooth vs. by surface, availability of S. mutans data). Future studies will focus on the identification of functional variants within these genes that may provide a clear biological rationale on how variation in genes controlling enamel formation can influence future susceptibility to caries.
In summary, our results suggest that variation in amelogenin , ameloblastin and tuftelin contribute to caries susceptibility. In addition, variation in enamelin may interact with the presence of S. mutans infection.
